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Abstract

The chemical and isotopic (HB/~°B, SVSr/86Sr, 1801160, 2H/H, 13C/12C, 14C, 3He/3H) compositions of

groundwater from the upper aquifer system of the Salinas Valley m coastal central California were

invesugated in order to delineate the origin and processes of groundwater contamination in this complex

system. The Salinas Valley has a relatively deep, confined "400-foot" aquifer, overlain by a "180-foot"

aquifer, and a shallower perched aquifer, all made up of alluvial sand, gravel, andclay deposits.

Groundwater from the aquifers have different t4C ages; fossil (~4C=21.3 pmc) for the 400-foot, and modern

(~4C=72.2 to 98.2 pmc) for the 180-foot. Fresh groundwater in all aquifers is recharged naturally and

artificially and through the Salinas River. The two modes of recharge can be distinguished chemically.

We identified several different saline components with distinguishable chemical and isotopic fingerprints.

(1) Salt-water intrusion in the northern basin has C1 concentrations up to 1700 mg/l, a Na/C1 ratio <sea

water, a manne Br/C1 ratio, a Ca/C1 ratio >seawater, 81~B between +17 and +38 per rail, and STSr/86Sr

between 0.7088 and 0.7096. Excess dissolved Ca, relative to the expected concentration for simple dilution

of seawater, correlates with 87S r/S6Sr ratios, suggesting base exchange reaction with clay minerals. (2)

Agriculture returnflow is high in NO3 and SO4, with a 87Sr/86Sr = 0.7082, 5 HB = 19 per mil; and 5 L3C

between -23.and -17 per mil. The 3H-3He ages (5-17 years) and t4C data suggest vertical infiltration rates

of irrigation water of 3 to 10 m/yr. (3) Non’marine saline water in the southern part of the valleyhas high

TDS up to 3800 mg/1, high SO4, Na/CI ratio >1,81~B between +24 and +30 per mil, and 87Sr/86Sr =

0.70852. This groundwater may have acquired its geochemical signature from leaching of sedimentary

rocks associated with the Coast Range marine deposits of Mesozoic to early Cenozoic age. The

combination of different geochemical and isotopic fingerprints enables us to delineate the impact of salt

sources in different areas of the valley and to reconstruct the Origin of the SO4-enriched NO3-depleted

saline plume that is located west of the city of Salinas. We suggest that the latter is derived from a mixture

of different natural saline waters rather than from anthropogenic contamination.



1. Introduction

Because world population centers tend to concentrate in coastal areas, groundwater resources m

coastal aquifers are typically under stress due to over-use from domestic and agriculture consumption.

Consequently, the quality of groundwater has been impacted by seawater intrusion, which further limits its

future use. Salinization of groundwater is one of the main processes that affect groundwater quality in

aquifers along the coast of California [Planert and Williams, 1995;Konikow and Rielly, 1999]. Saltwater

intrusion occurs in many coastal aquifers in California including the Santa Ana basin in Orange County

[Davisson et al., 1999b], Oxnard Plain in Ventura County [Izbicki, 1991], Salinas basin in Monterey

County [Showalter et al.. 1984], and Capitola in Santa Cruz County [Essaid, 1999]. In general, over-

exploitation results in decrease of piesometric surfaces to below natural fresh-saline interface and

subsequent intrusion of sea water into the pumping zones of the coastal aquifers. However, recent salt-

water intrusion Is not the only source of high salinity that affects the quality of groundwater. In addition,

salinization can result from leakage of contaminated shallow aquifers¯ through failed well casings,

agriculture return flows, or upconing of underlying brines. Previous studies in the Salinas Valley

[Showalter et al., 1984; Heard, 1992] showed that sea water intrusion is not the only source of salinity

because other saline sources exist in the southern part of the basin.

In this paper we investigate the sources of the salinity in the 100 km long Salinas Valley in

central California (Fig. 1). This aquifer is the principal source of 660x106 m3/y of groundwater that 

mostly used for irrigation to support a multi-billion dollar agricultural industry. The diversity of potential

non-point salinity sources (e.g., sea-water intrusion, agriculture return flows, connate saline water from

poorly flushed aquifers, saline water entrapped in clay layers, and deep basin brines) requires diagnostic

tools to delineate their origin and determine their impact on the ground water system. We use conservative

source and age indicators Of water (Br/C1, 8~80, 82H, 3H-3He) and the isotopic composition of the dissolved

constituents (11B/L°B, 87sr/86Sr, 14C, 13C/12C) in order to identify the Salinity sources and evaluate the

recharge regimes and flow rates of groundwater in the aquifer. We hypothesize that each of the salinity

sources has a unique geochemical fingerprint that can be used to assess the relative impact of each

component on ground water quality. Even though the regional water agency (Monterey County Water

Resources Agency) uses a 500 mg/L CI isopleth to define the current (post-1950). "sea water intrusion



front", we show that this critenon can include non-seawater sources and exclude evidence for the most

recent incursion.
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2. Hydrogeologicai setting

The Salinas Valley groundwater basin (Fig. 1) consists of four sub-areas (Pressure. East Side,

Forebay, Upper Valley) and two main water-bearing zones, the upper "180-foot" (55 m) and "400-foot"

(122 m) aquifers which are separated by an impermeable clay layer at ~ 80 m that is up to 30m thick (Fig.

2). A perched aquifer overlies the "180-foot" aquifer in the northern part of the valley above a clay layer

that is usually, but not uniformly, present at a depth >15 m (the Salinas Valley Aquiclude). A deep lower

aquifer system underlies the 400-foot. The "180-foot aquifer" is up to 55 m thick. The perched and 180’

aquifers consist of Pleistocene to Holocene gravels, sands, silts, and clays, which were deposited as

alluvial/fluvial valley fill. The "400-foot aquifer" lies at a depth of 82 to 143 m and is part of the

Pleistocene Aromas and Pliocene Paso Robles formations. This aquifer consists of poorly bedded sands,

gravels, volcanic tuff, and interbedded clays, which act as local aquitards. Greene [1970] showed that both

the 180’ and 400’ aquifers crop out on the walls of Monterey Bay submarine canyon, which allows direct

hydraulic connection between fresh and ocean water.

The 100 km-long Salinas Valley has been cultivated for over a century, with current annual

pumping of about 640 xl0 6 m3/yr supplied predominantly from groundwater [MCWRA, 2000]. The 25-40

cm/yr of rainfall in the Salinas Valley does not sufficiently recharge aquifers With current groundwater

demand, which far exceeding natural recharge rates (Fig. 2). Therefore, due to decreasing water level

conditions in the basin, the San Antonio and Lake Nacimientc Reservoirs were constructed in 1948 and

1957, respectively, to supplement irrigation reqmrements (Fig. la). Annual average reservoir release 

about 324x106 m3/yr to the Salinas River, which transports the releases to the Forebay anti Pressure

subareas in order to supplement recharge [MCWRA, 2000]. About two-thirds of the release is recharged

and the rest flows to the ocean. The reservoirs have supplemented groundwater demand and brought the

basin close to hydrologic balance. Seawater intrusion has been a chronic problem for over 50 years. In the

180’ aquifer, the current "seawater intrusion front", defined as the 500 mg/L C1 contour, lies about 10 km



inland, between the cities of Castroville and Salinas (Fig. 1). The overall hydrological balance of the

Salinas Basin [MCWRA, 2000] is presented schematically in Fig. 2. The objective of this study is to

characterize the chemical and isotopic compositions of each of the input components and to examine their

overall impacts on the water quality in the basin.

3. Methods and Analytical Techniques

Between fall of 1996 and summer of 1997 forty-six representative samples from 37 different

locations were collected from irrigation and monitoring wells and surface waters in the Salinas Valley.

Water samples were collected using ultra-clean acid-washed bottles for Sr isotopes, glass bottles with air-

tight caps for 3H and ~4C (HgClz added as preservative), and copper tubes with pinch clamps for noble gas

analysis. Analyses of major ions were performed at the Monterey County Chemistry Laboratory B and Li

concentrations were measured by ICP-MS (Element, Finnigan) at the University of California Santa Cruz.

UB and 7Li intensities were normalized to a 9Be internal standard. Spike-free samples were scanned before

the analyses and no detectable levels of 9Be were found in the original samples. Br was determined by flow

injection ion analyzer (QuickChem 8000) at the Hydrological Service laboratory in Jerusalem [Vengosh

and Pankaratov, 1998].

Boron isotopes were measured by negative thermal ionization mass spectrometry [Vengosh et

al., 1989; 1994]. Samples were analyzed by a direct loading procedure in-which boron-free sea water and

natural solutions were loaded directly onto Re filaments and measured in a reverse polarity NBS-style 12"

solid-source mass spectrometer at the University of California Santa Cruz. A standard deviation of less

than 1.5 per mil was determined by repeat analysis of NIST SRM-951 standard (t~B/~°B=4.013_+0.005).

Isotope ratios are reported as 5’tB values, where ~HB = [((L1B /I°B) sample / (ltB/l°B) NBS 951) 

tO00.

Strontium was separated by cation-exchange chromatography using standard techniques. Isotope

ratios were determined using third generation Faraday detectors in static mode on a VG-54WARP mass

spectrometer at University of California Santa Cruz. Zone refined rhenium filaments were used on all

samples. All measured 875r/86Sr results were corrected to an 875r/86Sr ratio of 0.1194 using an exponential



correction law. Correction for 87Rb was negligible for all samples. Using this procedure, the NBS-987

standard yielded a 87Sr/86Sr ratio of 0.71025 (+ 0.00001; n=5) during the period in which the unknowns

were run

The I80 and deuterium were analyzed respectively by using the CO2 equilibration [Epstein and

Mayeda, 1953] and the zinc-reduction methods [Coleman et al., 1982 ], followed by isotopic measurements.

All stable isotope data are reported in the usual 5 notation where 8 = (R/RSTD - 1)*1000, R represents

either the 180/~60, D/H. or 13C/~2C ratio of the sample, and RSTD is the isotope ratio of the SMOW or PDB

standard. The 3H was analyzed by the helium-accumulation method [Surano et al.. 1992] where samples are

cryogenically degassed, sealed, and stored for 15-60 days to allow accumulation of 3He from the tritium

decay. The sample is subsequently degassed and the 3He is isolated and measured on a VG-5400 noble gas

mass spectrometer. Copper tubes for dissolved noble gas analysis held air-free samples that were vacuum

fitted to an evacuated container, the pinch clamp and copper seal was uncrimped, and the water sample was

released. The water was degassed and the noble gases of interest were molated and analyzed [Schlosser et

al., 1988].

The inorganic carbon was acid stripped under high vacuum and purged with an ultra pure carrier

gas [Davisson and Velsko, 1994; McNichol et al.. 1994]. Liberated CO2 was reduced to graphite [ Vogel et

al., 1987] and all ~4C concentrations were determined using the accelerator mass spectrometer at LLNL.

The ~4C results are reported as a percent modern carbon (pmc) relative to a NBS oxalic acid standard

[Stuiver and Polach, 1977]. CO2 was split for ~t3C analysis on an isotope ratio mass spectrometer.

4. Results and Discussion

Chemical and isotopic (B, Sr, O, H, C) results are presented in Table 1, whereas ionic ratios are

reported in Table 2. ~4C and 3He/3H results are reported in Table 3. Wedistinguish between different

groundwater types (Fig. 3): (1)fresh groundwater (TDS<500 mg/1) in both the 180’ and 400’ aquifers 

the north, and surface water plus shallow groundwater closely associated with recharge from the Salinas

River in the south; (2) salt-water intrusion (SWI) affected groundwater in the north; (3) nitrate-rich

groundwater from the shallow perched aquifer with high concentrations of nitrate (up to 460 mg/1) and



sulfate (up to 340 mg/1); and (4) sulfate-rich groundwater (TDS up to 3800 mg/1) in the central and

southern parts of the valley. The chemical, 5180, 8HB, and s7Sr]S6Sr variations are presented in Figs. 3, 4.5

and 6.

4.1. Fresh water components

We examined two sets of fresh water in order to evaluate the chemical and isotopic composiuons

of the fresh water component: (1) uncontaminated groundwater from the 180’ and 400’ aquifers from the

Pressure Area in the north; and (2) surface water plus shallow and 180’ ground water from the southern and

central parts of the valley (Tables" 1 and 2).

The freshest groundwater in our study comes from research wells in the 180’ and 400’ aquifers in

the north (14S/2E-11A2 and -11A4, respectively; Fig. 1). These wells are adjacent to a detention pond

(Espinosa Lake) and < 150 m from the 1995 sea water intrusion front in the 180’ aquifer. We consider them

most representative of local meteoric recharge and will refer to them hereafter as "fresh groundwater".

Fresh groundwater recharge in the southern valley is also affected by waters held in the two

reservoirs and released via the Salinas River. These waters differ chemically from direct meteoric recharge

by having higher SO4, B, and Li relative tO C1 (Tables 1 and 2), reflecting their passage through the soils

and rocks of the Santa Lucia Mountains bordering the Salinas Valley to the west.

In addition, water in the two reservoirs in the Santa Lucia Mountains that feed the Salinas River

differs isotopically. Lake San Antonio water has 87Sr/Srsr - 0.710026, g~80 -5.4, and 5 D -44, whereas the

same parameters in Lake Naciemento waters are 0.708852, -6.2, and --42, respectively The difference in Sr

reflects the contrasting lithologies of the!r respecuve drainages. The Lake San Antonio drainage lies

entirely within the Salinian Block that contains radiogenic Cretaceous S-type granites and Miocene

continental shelf sediments, whereas the Lake Naciemento drainage also includes Franciscan mafic and

ultramafic rocks. The difference indicates that Sr isotopes have equilibrated quickly through cation

exchange with the surrounding bedrock [e.g., Johnson and DePaolo, 1994] during infiltration flow

Reasons for the difference in ~180 and 5D are more complex. Lake San Antonio has more surface

area which may explain the more evaporated character of the water. After correcting for evaporation using



a slope of 5, Lake San Antonio waters intersect the GMWL at substantially lighter values, suggesting

rainfall at higher elevations even though the Lake Naciemento drainage also includes high mountains.

The Salinas River has appropriately intermediate values of all isotope ratios (Table 1). Its 8751"/8651"

ratio of 0.709078 suggests a mixing proportion of 15% SanAntonio and 85% Naciemento, which was the

respective reservoir discharge rate in the weeks preceding sample collection [MCWRA, pers. comm., 2000].

Five wells in the vicinity of the Salinas River are listed under "fresh water" in Table 1 and show a

range in 875r/86Sr ratios (0.70900 to 0.71008) that is within the range of the surface waters. All have 8~80

values intermediate between San Antonio Reservoir and Salinas River water, and show distinct evaporative

stable isotope signatures, generally lying along the evaporation trajectory of the Salinas River (Fig. 4a).

They are the isotopically heaviest groundwater samples we studied and the most likely to have been

directly recharged by the river

4.2. Sea-water intrusion

Saline waters associated with modem sea-water intrusion into the Pressure Area of the northern

section of the Salinas Valley (Fig. 1) have a Ca-chloride composition (i.e., Ca/(SO4+HCO3)>l) with 

C1/TDS (0.3-0.5), low Na/C1 (lower than the marine ratio of 0.86), and marine Br/C1 (1.5x 103) ratios.

Based on C1 concentration, the most saline well available for Sampling, 14S/2E20B 1, was about 9% sea

water. The good correlation between the conservative ions Br and C1, and their marine ratio (Fig. 3),

supports a seawater intrusion source for these waters.

All but one of our seawater intrusion samples (14S/3E-18E3) lie seaward of the recent "seawater

intrusion front" as defined by the regional water agency (Fig. 1). These waters have a distinctive chemical

composition (e:g., lower SQ and B, and higher Ca, relative to other water types at similar C1

concentration) that enables discriminating of early arrival of seawater intrusion from other saline waters.

This distinction is traceable even at concentrations <500 mg/L C1, a threshold not reached by three of our
?

samples, which lie Seaward of the front.

Seawater intrusion groundwater is enriched in Ca, Mg, Li, and Sr, and is depleted in Na relative to

diluted sea water with similar salinity (Table 2; Fig. 3). In addition, the groundwater show a wide range 

".i



SOdC1 ratios (0.02 to 0.23) relative to seawater (0.05). These changes indicate that water-rock interactions

and sulfate reduction modified the original seawater. The possible water-rock modifications are 1) base-

exchange reactions, 2) dolomitization, and 3) diagenetic transformation of carbonate minerals [Jones et al.,

1999]. Assuming that seawater is the original water (i.e., it has a marine Br/C1 ratio) and that CI 

conservative, we can test whether the apparentNadepletion and Ca enrichment is due to Na in the water

replacing Ca and Mg in sorbed sites on clay minerals. We use the marine Ca/C1 and Na/C1 ratios to

calculate the expected concentrations of these elements in diluted seawater as defined by the C1

concentrations. The difference (AI between the measured and calculated Ca (and Na) 

A Ca = [Ca]meas - (Ca/C1)sw x [C1]meas (1).

As illustrated in Fig. 6, the values of A Ca have an inverse linear correlation with Alga (slope= -1),

indicating a similar magnitude of Ca enrichment and Na depletion. This stoichiometry is consistent with a

base-exchange reaction [e.g., Appelo and Postma, 1993; Custodio et al., 1987." Jones et al., 1999].

Sr and Ca concentrations correlate positively with.STSr/86Sr ratios (Fig. 6). These relationships

suggest that (1) the marine Ca concentration and Sr isotopic ratio (87Sr/a6Sr -0.7092) were modified 

base-exchange reactions, and (2) the modified Sr-and Ca-enriched groundwater was subsequently diluted

by mixing with less radiogenic regional groundwater. Exchangeable Sr on clay minerals has a high 87Sr/86Sr

ratio, ranging from 0.7103 to 0.7280 [Bullen etal. 1997; Chaudhuri andBrookins, 1979; Chaudhuri et

al., 1987; Stueber et al., 1987; Johnson and Depaolo, 1994]. Thus, the increase of 87Sr/86Sr ratios over

seawater in the intrusion area suggests that base-exchange reactions add radioge0ic Sr from the clay

minerals. In contrast, Starinsky et al. [ 1983] demonstrated that during dolomitizatlon reactions, the

878r/86sr ratio of the residual fluids gradually decrease towards lower 87Sr/SrSr ratios that are typical of

marine carbonates of ages from Cretaceous to Recent. One would expect that recrystallization or

dolomitization of Miocene sediments in the Salinas Valley (e.g., Monterey Formation) would result in Ca-

enriched water with lower 87Sr/SaSr ratios than in modern sea water (i.e., <0.7092). However, it is likely

that the aquifer sediments are dominated by siliclastic deposits and that carbonate minerals are not readily

available for dolomitization reactions. This distinction should be further tested, but potentially can provide

an important geochemical tool to trace the origin of saline water, and in particular to distinguish the effect

of base-exchange from dolomitization in the formation of Ca-enriched saline water.



We observed apparent conservative mixing phenomena for reactive elements like Ca and Sr; but

¯ these elements are significantly enriched relative to sea water (as normalized to C1). This shows that base-

exchange reactions occur only at the early stages of the evolution of sea-water intrusion. It is possible that

reaction ceases once the adsorbed sites become saturated with respect tO Na, and further intrusion and

mixing with local groundwater (in our case agriculture return flow) does not involve further base-exchange

reactions.

8~B v~ilues range from +12 to +38 per mil in the most saline water, which suggests conservative

mixing between sea water (SttB =+39) and fresh water (+7.5 to +18) (Fig. 5). The apparent conservative

behavior of boron in Salinas Valley groundwater differs from the large isotopic fractionation that occurs in

saline water from the Mediterranean coastal aquifer of Israel. Vengosh et al. [1994] showed that the 8t~B

values of groundwater from salt-water intrusion zone are up to +60 per mil. The high 5t’B values are

associated with low B/C1 ratios (i.e., lower than in seawater, Fig. 5) indicating boron removal associated

with selective uptake of ~°B, probably by sorption onto clay minerals [Vengosh et al., 1994]. The difference

may result from different lithology and also from mixing with NO3-enriched agriculture return flows with

lower ~IlB (and also 87Sr/86Sr values, as shown above). Hence mixing of sea water with variable fresh

water components adds significant amounts of t~B-depleted boron that is different from the expected two

component mixing values (Fig. 5).

10

4.3. High-nitrate waters: agricultural return flow

The Salinas Valley has experienced intensive agriculture activity over the last five decades where

agricultural irrigation provides about two times more groundwater rechargethan rainfall annually (Fig. 2),

resulting in elevated nitrate concentrations in shallow wells [MCWRA, 2000]. In order to characterize the

chemical composition of the agriculture-return flow, we examined three types of groundwater: (1) shallow

groundwater from the perched aquifer (-30m) below the agriculture fields in the Pressure Area (well

14S/2E-11A3); (2) nitrate-enriched groundwater from the unconfined 180-foot aquifer south of Salinas 

d
the East Side subarea; and (3) near-surface groundwater from lysimeters in a strawberry field (Azevedo) 

the northwestern end of the valley (Fig. 1).



~fc

Our results show that shallow groundwater from the perched aquifer (well 11A3) has 

distinctive chemical composition with relatively high NO3 and SO4 contents (Table 2). The high NO3

likely reflects the extensive use of nitrogen fertilizers in this area. The high SO4 probably reflects gypsum

fertilizer that is used to enhance permeability and is common in the northern valley where soil is denser

[MCWRA, pers. comm., 2000].

Groundwater from the perched aquifer has low 87Sr/a6Sr ratios (0.7082) and 5HB (+19 per mil)

values, which are associated with a relatively high B/C1 ratio (5x103). Therefore, both boron and strontium

inagriculture-return flows may have characteristically low isotopic ratios [e.g., Horan and Bohlke, 1996].

These. chemical features are also found in deeper high-NO3 groundwater from the 180-foot aquifer in the

Pressure Area. Some saline waters from the "salt-water intrusion" part of this area have high NO3

concentrations(Table 1), which suggests that they are mixed also with agriculture return flows (see above).

These samples also have moderately high SO4 concentrations in addition to high HCO3, relatively low

Br/C1 and ~SHB, but high B/C1 values. The low 8X~B and high B/C1 signature i~f the agriculture return flow

can be attributed to the general enrichment of boron in fertilizers [e.g., Komor, 1997], or specifically, to

boron in gypsum fertilizer as indicated also by the relatively low 87Sr,~6Sr ratios.

11

In contrast, nitrate-rich groundwater from the unconfined 180-foot aquifer south of Salinas have

different chemical and isotopic compositions. They have low SO4 and B concentrations, and high 8~B (+31

per mil to +35 per mil) and 87Sr/grSr ratios (0.70895 to 0.70967) relative to groundwater in the northern

Pressure Area. The difference implies different recharge sources north and south of Salinas City. Sulfate

reduction is an unlikely explanation because this mechanism does not explain the difference in B and Sr

isotoPic compositions. Instead, we argue that the common use of gypsum fertilizers in the north versus its

infrequent use in the south affects the composition of underlying groundwater, and that boron and

strontium isotopes may be good tracers of anthropogenic sulfate but not always of nitrate contamination.

The positive correlation between high NO3 groundwater and their 8t80 (Fig. 4c) suggests that the

nitrate accumulation in the aquifer is associated with an oxygen isotopic signature of an evaporative surface

water source. Similar correlations have been noted for agricultural irrigation water recharge elsewhere in

California: in the Central Valley [Davisson and Crqss, 1993; Nascimento et al., 1996] and the Ventura Basin

[Izbicki, 1991]. The different relationships between 51sO and NO3 concentrations in surface water versus



nitrate-enriched water (Fig. 4c; Table 2) enable us to differentiate between the impact of the two principle

processes: (1) irrigation that causes evapotransplration and hence high ~lsO and NO3 levels; and (2)

enhanced recharge via the Salinas River that leads to high 8180 and low NO3. Further study is required to

examine this phenomena in a larger number of groundwater samples.
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In addition, the NO3-enriched ground waters are depleted in x3C (513C=-23.5 to -17 per mil)

relative to fresh groundwater (-13 per nail), a depletion that appears to vary inversely with calcite saturation

(Fig. 7). The waters are quite young because of intensive irrigation (see below). Rapidly infiltrating

agricultural irrigation water is rich in dissolved CQ and saturated with dissolved oxygen. The accelerated

recharge rate compared to natural recharge may contribute to oxidation and mineralization of sedimentary

organic matter, which causes the low ~3C values observed in the nitrate-rich groundwater. Note alse that

the ~"C abundance decreases with decreasing 813C for calcite under-saturated groundwater (Fig. 7),

consistent with an oxidation process of older sedimentary organic matter.

Groundwater impacted by high nitrates and seawater intrusion have lower 8L3C values than fresh

groundwaters. The lower 5 13C tends to be associated with lower pH values, but all have similar HCO3

concentrations. Lower pH of the groundwater could result in lower 8t3C values because contribution of

dissolved carbonic acid from soil zone CO2 increases with decreasing pH, and has only a small isotopic

fractionation with CO2 gas [Mook et al., 1974]. However, if ~13C in soil COa is -25 to -28 per rail, then

the low groundwater ~5~3C values cannot be fully explained by low pH. Alternatively, the low 8t3C may

suggest a greater influence of oxidized organic matter (-25 to -28 per rail).

The third site at which we examined the influence of anthropogemc sources is a research

strawberry farm where we obtained near-surface (-3 m) groundwater from a perched aquifer in Azevedo,

north-west of the Salinas River. The site is typical of agricultural areas in California in which methyl

bromide has been extensively used for strawberry cultivation. The shallow groundwater has very high

nitrate and sulfate concentrations (Table 1), Na/C1 ratio of -1, extremely high Br/C1 ratios (2x102), and 

875r/86Sr ratios (0.7075 to 0.7076). The high sulfate and the Ca/SO4 ratio of -1 suggests use of gypsum

fertilizers. The high Br/C1 ratios may be related to hydrolysis of methyl bromide in the s0il that releases

inorganic Br to the shallow groundwater, A year prior to the sampling the fields in the study site had been

fumigated [M. Los Huertos, pers. comm., 2000]. The lower 875r/86Sr ratios are characteristic of the Pajaro



River valley; the next drainage east of the Salinas Valley, which reaches the sea near this site [R. Hanson,

USGS, pers. comm., 2000].
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4.4. High sulfate water:, non-marine water from the southern valley

Bunte and Smith [1981] and Showalter et al. [1984] demonstrated that high salinity and sulfate

groundwater is present in the southern Salinas Valley. Surface water from the Diable Range entering the

valley from the southeast also contains high sulfate (MCWRA, pers. comm., 200 l). We sampled two

extreme groundwater examples at San Lucas (Fig. 1; Table 1). The groundwater is saline Na-SO4 type,

with conspicuously high ions to chloride ratios relative to the marine ratios (San Lucas wells, Table 2).

They also have the lowest 82H values (Fig. 4a), and fall significantly to the right of the MWL compared 

other groundwater. This chemical composmon differs from that of the seawater intrusion zone or similar

types of Ca-chloride brines [e.g., Vengosh et al., 1999]. We, therefore, do not consider this water as relict

brine that evolved from past seawater intrusion that could have been trapped in unflushed or adjacent

aquifers. The chemical composition suggests intensive water-rock interactions that resulted in leaching of

salts to the liquid phase; the high Na contents can result from weathering of silicate rocks, whereas the high

SO4 can be a result of gypsum dissolution or oxidation of sulfides Groundwater of non-meteoric origin is

not uncommon in the California Coast Range [White et al., 1973].

The ~ilLB (+24 to +30 %0) and 87Sr/S6Sr ratio (0.708524) of the saline water is inconsistent with

weathering local silicate rocks which typically have 8~lB values of-0 %o to +10%o and 87Sr/86Sr >0.710.

Instead, they indicate sedimentary rocks such as marine gypsum and carbonate which have a 8~ ~B range of

+20%0 to +30%0 [Vengosh et al., 1992; 1991]. The Sr isotope ratio may reflect dissolution of the Miocene

Monterey Formation. Unfortunately, the low 875r/86Sr ratio ratios of the high SO4 natural saline

groundwater in the south part of Salinas valley is indistinguishable from the anthropogenic isotopic signal

typical of the Pressure area in the north.



5. Groundwater ages

A groundwater age determination provides a quantitative means to estimate recharge and

subsurface flow rates in groundwater aquifers. For young groundwater (<50 years old), simultaneous

measurements of 3H and tritiogenic 3He in a groundwater sample can be used to calculate a radiometric age,

independent of the 3H source term concentration, by exploiting the parent-daughter decay relationship

[Schlosser et al., 1988]. Accurate tritiogenic 3He measurements entail several correction terms requiring

independent measurements of dissolved gases. In short, the tritiogenic component of 3He (3H%t) follows

the relation

(2)

where the subscript meas refers to measured concentrations and isotopic ratios, air refers to concentration

and isotopic ratio of helium isotopes derived from equilibrium and excess air dissolution [Heaton and

Vogel, 1980], and rad is the radiogenic component of helium derived from uranmm-thorium decay in the

crust [Solomon et al., 1996]. All measurements are reported as concentrations and isotopic ratios relative to

laboratory water standards (Table 3). Radiogenic 3He is assumed to be negligible, and inspection of the 3He

and 4He concentrations suggests no mantle derived components in this actively faulted area. The radiogenic

4He was computed from the difference between measured and expected 4He concentration, the latter

determined from the relationship between dissolved neon and argon concentrations (Fig. 8). Relative

solubility of argon to neon varies insignificantly over the temperature range in the Salinas Valley, and their

covariance due to excess air should be inversely linear. Altitude effects on noble gas concentrations are

assumed to be negligible. Note that four groundwaters sampled from the 180 foot aquifer have radiogenic

4He contributions which plot off the predicted line in Fig. 8, and for which calculated correction terms are

given in Table 3 The radiogenic 4He suggests that an older groundwater component may be mixing with

younger recharge in these samples [e.g. Mazor and Bosch, 1992]. Although this signal is greatest in a

sulfate-enriched sample in the "Banana Belt" area discussed below, the signal is present also in other water

types. We attribute its distribution to pockets of older water randomly distributed throughout the basin.
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Conversely, widespread young mixing component(s) are indicated by the 3H-3He age results.

Tritium concentrations range from 4 to 19 pCi/L, with the lowest concentration in 15S/4E-23M1, which

had the highest radiogenic 4He (Table 3). Tritium concentrations are used to compute the 3H-3He age using

the relation
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Age=17.9ln 1 + ..7.ft._I
J

(3)

where 3He* is the triuogenic 3He. Computed ages range from 5 to 38 years before 1997 (Table 3). The

oldest age is from well 14S/2E-36E1, the high sulfate groundwater sample noted above, whose large

radiogenic 4He correction results in an appreciable error in the age estimate (+10 years). The weak

correlation between 3H concentrations and 3H-3He computed ages indicates that the 3H is unusually low for

all samples even for this coastal environment. For example, 3H fallout concentration in rainfall from 1963-

1973 near the coast at Santa Maria, CA averaged around 550pCi/L. Furthermore, the youngest groundwater

age of 5 years, from fresh meteoric groundwater in 180’ aquifer well 14S/2E-11A2 in the north, has a 3H

concentration of only 10 pCi/L. In contrast, river recharge groundwater in well 15S/3E-25L1 from the same

aquifer in the south, has a nearly identical age of 6 years, but a 3H concentration of 17pCi/L. As a

comparison, 3H concentrations ranging from 15-20 pCi/L are commonly observed in undiluted one year old

groundwater in southern coastal California [Davisson et al., 1999]. This suggests that young recharge into

the Salinas Valley groundwater undergoes appreciable dilution with older non-tritiated groundwater in

order to produce the observed low 3H concentrations.

The unusually low 3H concentrations could also result from crop irrigation using a non-tritiated

water extracted from deep groundwater sources. Its application to the surface and relatively rapid re-

infiltration may lead to incomplete equilibration with ambient 3H levels. These return waters could also mix

with infiltration from annual precipitation and acquire additional 3H, however, precipitation and-crop

xrrigation are normally seasonally offset. Moreover, in the southern Salinas Valley, irrigation water is

commonly diverted Salinas River, which would already have ambient 3H concentrations. Nevertheless, in

the northern valley, irrigation water commonly is supplied by groundwater pumping, and incomplete

equilibration with ambient 3H levels during infiltration of return water may explain some of the unusually

low 3H concentrations. Even though different source waters could lead to this possible geographic



variability in the 3H input function, the initial 3H values computed from 3H-3He determinations indicates

concentrauons are appreciably lower than historical records predict.

In general, 3H-3He ages are ~5 years for groundwater from the 180’ aquifer in the northern

valley, and 10 to 20 years for shallow ground waters apparently recharged from the Salinas River in the

south (Table 3). Recharge rates in the Salinas valley and in the Central Valley of California, are high due 

extensive agriculture irrigation [Criss and Davisson, 1996]. On average in the Salinas Valley, -0.7m of

water is estimated to be applied per hectare each year for irrigation, of which a third is thought to recharge

the underlying aquifers [MCWRA, 2000]. Assuming piston flow during agricultural recharge, and an

average aquifer porosity of 25%, a <lm/yr recharge to the saturated zone is expected under irrigated areas

of the Salinas Valley. Computing general velocities using the 3H-3He ages in Table 3 and aquifer depths in

Fig. 2 leads to vertical transport rates of 3-10 m/y. Given the isotopic evidence for mixing between old and

young groundwater, the higher suggested recharge rates can be explained by dispersive flow. In addition.

mixing of different aquifer depths caused by multiply perforated or long screen intervals in wells cannot be

completely ruled out and could lead equally to this effect.

Radiocarbon concentrations were measured for ten groundwater samples and range from 21 to

103 pmc. The t4C values in all river associatedgroundwaters exceed 100 pmc, and values in both high

nitrate groundwaters are above 72 pmc. One fresh groundwater from the 400 foot aquifer had 21pmc

indicating an old age, whereas an equally fresh groundwater from the 180 foot aquifer had 77pmc. The

older age from the 400-foot suggests that current exploitation of this aquifer extracts water without natural

balance and replenishment compensation, which makes this aquifer more vulnerable to contamination and

over exploitation. In contrast, agricultural irrigation water recharge in the overlying 180-foot aquifer is

rapid, as also indicated by the young 3H-3He ages.
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6. Mixing of groundwater components

Mixing of groundwater components is ubiquitous, and reflected in the Salinas Valley in the

evidence for randomly distributed pockets of old water with high 4He, and the widespread presence of

young shallow tritiated water. Also, the relationships between CI and other dissolved salts (Fig. 3), 8t80



and C1, and 8180 and NO3 (Fig. 4) all reflect mixing of different components. The mixing process is clearly

identified using conservative non-reactive tracers (e.g., CI, 8180). In contrast, the variations of reactive

elements (e.g., B, Sr, Ca, Na, C) are additionally affected by water-rock interactions Which can be specified

qualitatively from the nature of the mixing characteristics observed. This is demonstrated, for example, by

the 5liB-B/C1 relationship (Fig. 5) that demonstrates the mixing of sea water with two different water types

(fresh and non-marine), as well as retention of boron by clay minerals associated with 11B enrichment and

overall decrease in elemental boron [e.g., in Israel: Vengosh et al., 1994]. Since m0st of the groundwater

samples were collected from production wells with a large screen length (Table 1) the mixing phenomena

are predictable. This situation is typical of many groundwater basins, Worldwide, where monitoring

research wells are scarce. We argue that the use of geochemical and isotopic tracers enables us to delineate

the different groundwater components, even though most of the samples do not represent a final "end-

member".
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However, there is at least one coherent region of relatively high Salinity groundwater of

ambiguous origin west of Salinas, that is characterized by high sulfate but low nitrate iFig. 1). The region is

known locally as the "Banana Belt" because of its milder climate. Heard [1992] argued that the high

sulfate in this area results from agricultural return flows. However, their relatively high 87Sr]86Sr ratio

(0.7087 to 0.7100) differ from the low ratios associated with high nitrate agricultural return flow (see

above). In addition, no correlation hasbeen observed between depth of the wells (Table 1)and sulfate

concentrations.

Selected portions of Figure 3 are shown in expanded scale in Figure 9, in which the open squares

are from the "Banana Belt", and are below the 500 mgCl/L definition for "seawater intrusion front’-’. Their

locations are shown in Figure 1. All of the waters except the two closest to the "seawater intrusion front"

(14S/2E-25D4 and -26P1: identified by arrows in Fig. 9) lie on a mixing line between river-associated

fresh water and the non-marine water of the southern valley that we attribute to extensive water-rock

interaction. Two samples do not lie on the mixing line, and have the highest chloride concentration and low

Na. Deviations from simple mixing are even more widespread for sulfate and boron (Fig. 9). Moreover, the

chemical composition of the most saline groundwater in the "Banana Belt" is similar to saline groundwater

associated with seawaterintrusion (closed Squares; Fig. 9). Consequently, we believe that Banana Belt



samples are affected by three principle sources: (1) recent sea water intrusion that extends land-ward of the

500 mgC1/1 front; (2) lateral flow of non-marine SO,-enriched saline water from the south; and (3) fresh

recharge that is typical of the southern valley. Water quality measurements from the 1930’s and 1940’s

[Warren et al., 1946] showed that high-SO4 groundwater already existed in the areaat that time.

We suggest that extensive pumping of groundwater, which began in the 1920’s, resulted in

lowered water levels and formation of a hydrological depression, and consequently, enhanced flow of

saline groundwater from the south and development of the seawater intrusion front. Freshwater recharge

through the Salinas River has reduced the salinity of the groundwater flowing from the south, particularly

in areas where the river is located in the center of the valley (e.g., south of the Banana Belt). Thismight

explain the lack of continuity of salinity in the valley, even though the water level data suggest continuous

flow from south to north [Showalter et al., 1984]. A third saline component that is derived from agriculture

return flow is identified regionally in the shallow aquifer, in some wells that are located north of the sea

water intrusion front (wells 14S/2E-11C 1, -34N1, and -3F2), but not within the B anana Belt (Fig. 1). 

suggests that the Salinas Valley Aquiclude, which confines the 180’ aquifer in the northern part of the

valley (Fig. 2), is not uniform throughout the Pressure Area. The lack of sealing in some areas resulted in

faster arrival of NO3-enriched agriculture return flow. In other cases, such as the Banana Belt, we suggest

that the clay layer provided good protection from return flow, but nonetheless could not prevent lateral

migration of the saline fluids.
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7. Conclusions

Traditional investigations of groundwater resources usually utilize geological, hydrological (e.g.,

water levels), and water quality data in order to establish a conceptual model for the investigated aquifer.

Such data are, however, not always fully available. Moreover, in areas under local or international dispute,

the hydrological data may not be released for a variety of reasons. In order to overcome these obstacles, the

geochemical approach used in this study provides a ’snap-shot’ observation for the recharge regime, rate of

replenishment, sources of salinization, and mixing phenomena in the aquifer. The combined

hydrogeological and water quality framework can be used for a conceptual model of the investigated



aquifer. It should be emphasized that each of the geochemical and isotopic tracers illuminates different

aspects of the hydrological story. Together they provide an integrated picture and further strengthen the

reliability of the conceptual model.

Our results provide diagnostic tools that trace the impacts of extensive extraction, irrigation, and

soil amendment practices over a complex coastal aquifer system. We show that the chemical and isotopic

compositions and age of pristine groundwater are modified as the hydrological balance is changed and

external fluids of lesser quality enter the aquifer and mix with fresher recharge. The combination of the

hydrogeological structure (e.g., a confining clay layer overlying the aquifer), hydrological balance between

extraction and natural replenishment, human acuvity, and interaction with external saline fluids (e.g., sea

water intrusion, non-marine saline groundwater) determines the level and extent of contamination. Mixing

with saline fluids also triggers water-rock interactions such as base-exchange reactions, oxidation of

organic matter, dissolution of carbonates, sulfate reduction, and nitrification. In particular, we characterize

the chemical and isotopic compositions of each of the major components that affect the upper aquifer

system of the Salinas Valley as follows (Fig. 2):

(1) Natural replenishment in the northern basin is characterized by low dissolved salts, low 8180, and rapid

recharge to the upper 180’ aquifer.
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(2) Enhanced replenishment from the Nacimiento and San Antonio Reservoirs via theSalinas River in the

southern valley, is characterized by high 5180 and low NO3/C1 ratios, and potentially by high 87Sr/86Sr

ratios.

(3) Sea-water intrusion into the northern valley increases the groundwater salinity and is accompanied 

base-exchange reactions. As a result, saline groundwater associated with sea Water intrusion becomes

relativelyenriched in Ca and 87Sr, and depleted in Na.

(4) Non-marine saline ground water flow from the south is characterized by.relatively high concentrations

of total dissolved solids, in particular SO4 and B relative to CI.

(5) Agricultural return flow has high concentrations of NO3 and becomes enriched in 180 (due 

evaporation) and depleted in ’3C (oxidation of organic matter). Different fertilizer applications can 

distinguished by the chemical and isotopic compositions of associated groundwater. In areas where gypsum



fertilizers are applied, the contaminated groundwater becomes enriched in SQ with low 511B and 87Sr/86Sr

ratios. In areas of methyl bromide fumigation the underlying groundwater is enriched in Br.

Our results also demonstrate the sensitivity of age-dating tools (3He-3H and t4C) to contamination

processes. In over-exploited basins, where the original groundwater is extracted and then returned to the

aquifer as agriculture return flow, we observe young 3He-3H ages as well as low tritium concentrations and

radiogenic 4He. This reflects rapid arrival of modern recharge mixed with remnants of old groundwater. In

contrast, the low 14C values (20 pmc) of groundwater from the deep 400? aquifer relative to high 14C values

(72 to 103 pmc) in the upper 180’ aquifer clearly reflects the non-renewable nature of deep groundwater,

where naturally good water quality is replaced by the poorer quality of modern recharge of the shallow

aquifer.
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Figure Captions

Figure 1. Location maps for the samples studied, at increasingly greater scales. Well locations are marked

by symbols that denote the predominant chemical component. Well names are the final digits Of the

MCWRA designations; the Township/Range prefices are omitted. The sinuous hatchured line shows the

location in 1997 of the 500 mg/L isopleth contour and marks the "seawater intrusion front".

Figure 2. Schematic hydrogeological cross-section of the Salinas Valley aquifer system and principle flow

components of the basin. The hydrogeological cross-section was modified from Showalter et al. [1984].

The numbers in parentheses are the estimated annual flow volume in 106 m3. Values for the flow

components was taken from both MCWRA [1995] and MCWRA [1997] Salinas Valley Integrated Ground

and Surface Water Model Update, May 1997 (Montgomery Watson).

Figure 3. Chloride versus TDS and other major dissolved salts in groundwater from Salinas Valley as

comparedto diluted sea water (dashed line). Note the distinction between the different water types (Table

1): fresh groundwater from the northern basin (open circles), surface water (reservoirs and Salinas River

(closed circles), shallow fresh groundwater associated with the Salinas River (circles with a point), 

sulfate non-marine groundwater from the southern valley and Banana Belt (open squaress); groundwater

associated with sea-water intrusion (closed squares), and high-nitrate groundwater (open triangles).

Figure 4. 5180 versus 52H (A), chloride concentration (B), and nitrate (C) of the different water groups 

Salinas Valley (D). Symbols for the different water types are as in Fig. 3. Note the displacement of most

water to the right of the GMWL due to relatively lower 5tsO-52H slope of surface water and river-

associated-groundwater that reflect evaporation processes. Also note the positive relationships correlation

between 8180 and nitrate contents.

Figure 5.81~B versus molar B/C1 ratio of different water types from the Salinas Valley (symbols are as in

Fig. 3) and saline groundwater from the Mediterranean coastal aquifer of Israel (squares with a cross; data

from Vengosh et al., 1994). The dashed lines represent possible mixing between sea water and fresh

groundwater in the northern basin (N) and river water in the southern valley (S). Alternatively, the lines 



represent water-rock interactions accompanied by boron adsorption. In contrast, in the more saline

groundwater from Israel, the 8rib values are higher than that of seawater due to isotopic fractionation

associated with extreme boron adsorption, the groundwater associated with seawater intrusion in the

Salinas Valley have lower 8rib values. Note that the three nitrate contaminated sea water intrusion samples

(marked by arrows) have higher B/CI ratios reflecting some fertilizer input.
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Figure 6. 87Sr]SVSr ratio versus calcium (A) and strontium (B) in groundwater associated with sea water

intrusion from the Salinas Valley. The ACa and ANa values (C) are respecnve depletion and enrichment 

these elements relative to those of diluted sea water with a similar salinity (see text for quantitative

definition). Note the increase in 878r/STSr ratios with calcium and strontium concenirations as well as with

the relative enrichment of calcium (D).

Figure 7. Calcite saturation index versus 8~3C of groundwater in Salinas Valley. Symbols are as in Fig. 3.

Most groundwater in the Salinas Valley is either at or near calcite saturation. However, few samples

associated with high-NO3 groundwater (open triangle) show calcite undersaturation, low pH, and low 813C

values. A concomitant decrease is associated with 813C and saturation decrease, suggesting a process

oxidizing soil organic matter.

Figure 8. Ne/Ar versus 4He/Ne ratios of groundwater from Salinas Valley. Helium-4 excesses are clearly

shown for at least four of the groundwater samples analyzed from the Salinas Valley, by their deviation

from an equilibrium-excess air mixing line. The radiogenic helium is consider evidence for mixing with

older, untritiated groundwater.

Figure 9. Chloride versus sodium, sulphate, and boron concentrations in saline groundwater from the

southern basin and the "Banana Belt" (open squares), fresh groundwater from the southern basin (closed

circles), and sea water intrusion water (closed squares). The similarity to sea-water intrusion of the 

Banana Belt samples collected closest to the sea water intrusion front (Fig. 1) suggests that they are the

earliest stages of seawater intrusion. The four "sea water intrusion" samples lie seaward of the officially



recognized front, and three of them have enormously high nitrate due to dilution¯ by agricultural return

Flows.
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Table Captions

Table 1. Chemical (units in mg/1) and isotopic compositions of ground and surface water from Salinas

valley, California. 5180, 82H, 8~3C, and ~ltB values are reported in per rail values relative to SMOW (O,H),

PDB (C), and NBS-SRM-951 (B) standards, respectively.

Table 2. Ionic ratios (in equivalent units)of different ground and surface waters from Salinas Valley.

Table 3. NOble gas, 3He, 4He data, and calculated ages, radiogenic helium and excess air.
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